Measures of neuronal loss are likely good surrogates for clinical and radiological disease progression in Alzheimer disease (AD). Cerebrospinal fluid (CSF) markers of neuronal injury or neurodegeneration may offer usefulness in predicting disease progression and guiding outcome assessments and prognostic decisions in clinical trials of disease-modifying therapies. Visinin-like protein 1 (VILIP-1) has demonstrated potential usefulness as a marker of neuronal injury in AD.
T he aggregation and deposition of Aβ in the form of amyloid plaques and tau in the form of neurofibrillary tangles (NFTs) are estimated to begin approximately 10 to 15 years before the earliest signs of cognitive impairment, a stage referred to as preclinical Alzheimer disease (AD).
1,2 However, substantial neuronal and synaptic loss in specific brain regions occurs before the first signs of cognitive impairment. 3 Several lines of evidence suggest that neuronal and synaptic loss provides the best correlate for disease progression in AD. 2, 4 Structural magnetic resonance (MR) imaging measures of brain volume provide indirect estimates of neuronal, synaptic, and axonal loss 5 and have been shown to be good surrogates for neurodegeneration in AD. 4, 5 Volumetric MR imaging measures reflect the cumulative outcome of different pathological substrates in AD, which may account for why they are good predictors of disease progression. 5 Visinin-like protein 1 (VILIP-1) is a neuronal calcium-sensor protein 6 that has demonstrated potential usefulness as a marker of neuronal injury in large-scale gene array analyses and animal models of brain injury. 7 Our group has shown that cerebrospinal fluid (CSF) VILIP-1 and CSF VILIP-1/Aβ42 levels were prognostic of future cognitive decline in cognitively normal elderly over a mean follow-up period of 2 to 3 years, 8 predicted rates of cognitive decline in early symptomatic AD similarly to p-tau181 and tau, 9 and were elevated during the preclinical and clinical phases of dominantly inherited AD. 10 Consistent with its potential usefulness as a marker of neurodegeneration, our group's previous results also indicated that CSF VILIP-1 levels correlated with whole-brain and regional atrophy in cross-sectional studies of individuals with early symptomatic AD. 8 Herein, we investigate the usefulness of CSF markers of neurodegeneration VILIP-1, tau, and p-tau181 as predictors of rates of brain atrophy in a longitudinal study of individuals with early symptomatic AD and cognitively normal control subjects who were followed up for 2 to 3 years. Our findings show that CSF VILIP-1 levels predicted rates of whole-brain and regional atrophy in early symptomatic AD at least as well as tau and p-tau181 over this follow-up period.
Methods

Participants
Participants (n = 87) were community-dwelling volunteers (mean [SE] age, 72.6 [0.8] years) enrolled in longitudinal studies of healthy aging and dementia through The Charles F. and Joanne Knight Alzheimer's Disease Research Center, Washington University School of Medicine in St Louis. Study participants were in good general health, with no other medical illness that could contribute importantly to dementia and no contraindication to lumbar puncture or MR imaging. Apolipoprotein E (APOE) genotypes were obtained as previously described.
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The Clinical Dementia Rating (CDR) was used to denote the presence or absence of symptomatic AD and, when present, its severity. 12, 13 A CDR designation of 0 indicates cognitive normality, while a CDR designation of 0. All individuals in the AD cohort (n = 23) had a clinical diagnosis of very mild symptomatic AD (CDR 0.5) at the baseline assessment. Our group has previously demonstrated that this CDR 0.5 cohort includes individuals who meet criteria for MCI, as well as those who have insufficient impairment to meet MCI criteria and might be designated as having pre-MCI. 13 The rate of postmortem confirmation of a clinical diagnosis of AD in individuals who have been followed up longitudinally in our center is 92%, including the CDR 0.5 stage. 
CSF Collection and Processing
Cerebrospinal fluid samples (20-30 mL) were collected from all participants and analyzed for total tau, p-tau181, Aβ42 (Innotest; Innogenetics), 19 and Aβ40 levels 20 by enzyme-linked immunosorbent assays. The samples were analyzed for VILIP-1 by a microparticle-based immunoassay (Erenna; Singulex).
Regional and Whole-Brain Volumetry
Of 309 participants who had baseline VILIP-1 measurements in our group's previous study, 8 a total of 192 participants underwent MR imaging within 1.1 years of their lumbar puncture (median interval, 1.7 months). Of these 192 participants, 87 individuals (64 with CDR 0 and 23 with AD) had at least 1 follow-up MR imaging session and were included in this study. Baseline MR imaging measures were based on the closest imaging session before the time of the lumbar puncture (median interval, 4.4 months). Structural MR imaging was performed using a 3.0-T imaging system (Trio; Siemens) (n = 44) or a 1.5-T imaging system (Vision; Siemens) (n = 43) as previously described. [21] [22] [23] [24] [25] [26] Normalized wholebrain volumes were computed as the proportion of all voxels occupied by gray and white matter (equivalent to 100% minus the percentage of CSF) voxels, yielding a unit that represents the proportion of estimated total intracranial volume. Regional volume or cortical thickness estimates were obtained via an image analysis suite (Freesurfer 5.0; http://surfer.nmr.mgh.harvard.edu/) that implements an automated probabilistic labeling procedure.
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Regions of interest included the hippocampus, entorhinal cortex, parahippocampal gyrus, fusiform gyrus, posterior cingulate, and precuneus. The pericalcarine cortex was included as a control region because it is rarely affected in the early stages of AD
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(eMethods in the Supplement). In vivo amyloid imaging methods are also discussed in the eMethods in the Supplement.
Statistical Analysis
Mixed linear models (PROC MIXED, SAS version 9.2; SAS Institute Inc) assessed the ability of baseline CSF biomarkers, examined as continuous or categorical measures (dichotomized at the 33rd or 66th percentile value), to predict annual change in whole-brain or regional volume or thickness mea- 28, 29 Baseline CSF biomarker measures were standardized to z scores before analyses. Estimated effects of CSF biomarkers on annual change in volume or thickness measures are reported as β estimates. t Tests or χ 2 analyses were used to compare demographic, clinical, CSF biomarker, or MR imaging variables between the clinical groups using a software program (SPSS, version 15; SPSS Inc). Statistical significance was defined as P < .05 (eMethods in the Supplement). Individuals in the AD cohort exhibited the typical CSF biomarker phenotype of AD, with higher mean levels of tau and p-tau181 and lower mean levels of Aβ42. Baseline CSF VILIP-1 and VILIP-1/Aβ42 levels were higher in the AD cohort than in the control cohort. Compared with controls, individuals with AD had lower baseline whole-brain volumes, hippocampal volumes, and cortical thickness measures of the entorhinal, parahippocampal, fusiform, cingulate, and precuneus regions. When examined as continuous variables, baseline CSF VILIP-1, tau, and p-tau181 levels (but not Aβ42 or Aβ40 levels) predicted annual change in normalized whole-brain volume in the AD cohort over the follow-up period (adjusting for age, sex, imaging system type, and APOE ε4 genotype). Similarly, baseline CSF VILIP-1, tau, and p-tau181 levels (but not Aβ42 or Aβ40 levels) were closely associated with rates of hippocampal, entorhinal, parahippocampal, fusiform, cingulate, and precuneus atrophy in the AD cohort. None of the CSF biomarker measures correlated with rates of pericalcarine atrophy in the AD cohort ( Table 2) .
Results
Baseline Characteristics of Study Participants
Analyses were then performed for CSF biomarker measures as categorical variables (adjusting for age, sex, imaging system type, and APOE ε4 genotype). Individuals in the AD cohort (n = 23) were divided into 3 terciles for each CSF biomarker measure (using the 33rd and 66th percentile values as cutoffs). Cerebrospinal fluid VILIP-1, tau, or p-tau181 levels in the upper tercile (corresponding to ≥595, ≥550, and ≥92 pg/mL, respectively) predicted more rapid rates of wholebrain atrophy than those in the lower 2 terciles over time ( Table 3 and Figure, A) . Similarly, compared with those in the lower 2 terciles, CSF VILIP-1, tau, and p-tau181 levels in the upper tercile predicted more rapid rates of hippocampal, entorhinal, and parahippocampal atrophy (Table 3 and Figure, B-D), as well as fusiform, cingulate, and precuneus atrophy (eTable 2 in the Supplement). There were no significant differences in rates of whole-brain or regional atrophy between individuals in the lower tercile of Aβ42 values (corresponding to <320 pg/mL) and those in the upper 2 terciles.
Correlations Between Baseline CSF Biomarker Measures and Annual Change in MR Imaging Measures in the Control Cohort
When examined as continuous variables, baseline CSF VILIP-1 levels (P = .03) and tau levels (P = .04) (but not p-tau181, Aβ42, or Aβ40 levels) predicted annual change in whole-brain volume in cognitively normal controls (adjusting for age, sex, imaging system type, and APOE ε4 genotype). None of the CSF biomarker measures (examined as continuous variables) correlated with annual change in regional volume or thickness measures in controls (eTable 3 in the Supplement). When examined as categorical variables, cognitively normal controls whose CSF VILIP-1, tau, or p-tau181 levels were in the upper tercile (corresponding to ≥427, ≥293, and ≥57 pg/mL, respectively) had more rapid rates of whole-brain, hippocampal, entorhinal, parahippocampal, and fusiform atrophy compared with those in the lower 2 terciles ( Table 4 , eTable 4 and eFigure in the Supplement). Cerebrospinal fluid Aβ42 terciles were not associated with rates of whole-brain or regional atrophy in controls. None of the CSF biomarker terciles correlated with rates of cingulate, precuneus, or pericalcarine atrophy in our control cohort. close association with NFTs and amyloid plaques in AD brains but does not appear to be a component of NFTs. 8, 31 The results of previous studies 30, 31 suggest that VILIP-1 may be involved in calcium-mediated neurodegeneration in AD. Increased CSF VILIP-1 levels in AD but not in other types of dementia 8, 32, 33 and altered expression patterns in AD are thought to reflect the selective vulnerability of VILIP-1-expressing neurons to altered calcium signaling pathways in the presence of AD pathology. 8, 31, 34 Our group has previously shown that CSF VILIP-1 levels predict clinical disease progression similarly to p-tau181 and tau 9 and correlate with cross-sectional measures of wholebrain and regional atrophy in early AD. 8 Furthermore, CSF VILIP-1 levels are associated with amyloid load and future cognitive impairment in cognitively normal individuals. 8 Together, these findings support the potential usefulness of CSF VILIP-1 as a biomarker surrogate for neurodegeneration in preclinical and early symptomatic AD. 10 We herein investigate the usefulness of CSF VILIP-1, tau, and p-tau181 in predicting rates of brain atrophy in a wellcharacterized cohort of individuals with early symptomatic AD and cognitively normal controls who were followed up for 2 to 3 years. Our results suggest that CSF VILIP-1, tau, and ptau181 levels predicted rates of whole-brain and regional atrophy of the hippocampus, entorhinal, parahippocampal, fusiform, cingulate, and precuneus regions in early AD over the follow-up period. In our cohort, individuals with baseline VILIP-1, tau, or p-tau181 values in the upper tercile had higher rates of whole-brain and regional atrophy compared with individuals in the lower 2 terciles over time. The ability of CSF VILIP-1, tau, and p-tau181 to predict rates of subsequent brain atrophy when examined as continuous measures, as well as the ordered gradation in rates of brain atrophy among these CSF biomarker terciles in AD, underscores their predictive ability independent of the cutoff values proposed in this study.
Our findings that baseline CSF tau and p-tau181 levels 35-38 (but not Aβ42 levels 37,39,40 ) predicted rates of that CSF tau and VILIP-1 levels (reflective of neurodegeneration) and p-tau181 levels (reflective of NFT burden) are more closely associated with disease intensity 53 and with rates of subsequent brain atrophy in early symptomatic AD. 9, 52 Therefore, markers of amyloid pathology and markers of tangle pathology or neurodegeneration appear to have different prognostic roles in the different stages of disease. followed by spread of the pathology into the lateral temporal, inferior parietal, and orbitofrontal regions as the disease progresses. 58, 60 In very mild AD or MCI compared with controls, our group's observations that baseline volume or thickness measures of these regions were lower and that rates of regional atrophy over the follow-up period were higher are consistent with the topographical distribution of neuronal loss in these very early stages.
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Medial temporal lobe structures are implicated as the sites of earliest neurodegeneration in AD, with an estimated volume loss of 10% to 25% in very mild AD or MCI compared with healthy controls. 27, 58, 62 Our group has previously
shown that CSF VILIP-1 levels are closely associated with baseline hippocampal, entorhinal, and parahippocampal volumes in early AD. 8 Notably, we show herein that baseline CSF VILIP-1 levels predicted rates of whole-brain, hippocampal, entorhinal, and parahippocampal atrophy over the follow-up period at least as well as tau and p-tau181 in our longitudinal cohort. While CSF tau, p-tau181, and Aβ42 each reflect a specific pathological substrate of AD, brain atrophy (as a surrogate of neuronal loss) likely reflects the cumulative outcome of different and highly intricate pathological processes. 55 Data from other cohorts suggest that CSF tau and Aβ42 explain only a fraction of regional volume changes in early AD. 63 Together, these findings support the notion that markers that reflect neuronal loss or neurodegeneration (such as VILIP-1) may offer usefulness in predicting baseline or longitudinal brain volume loss that is at least comparable to that of CSF markers of tau or amyloid pathologies. Most important, such markers may be useful in monitoring clinical or radiological disease progression and in assessing response to potential disease-modifying therapies independent of changes to tau or Aβ42. Similarly to previous cohorts, 8 our control cohort in the present study included individuals whose CSF biomarker values are comparable to those in AD, many of whom had evidence of amyloid retention on positron emission tomography with Pittsburgh Compound B and therefore likely represent a subset of cognitively normal individuals with preclinical AD. In the cohort studied herein, cognitively normal controls whose baseline CSF VILIP-1, tau, or p-tau181 values were in the upper tercile had more rapid rates of whole-brain and regional atrophy compared with those in the lower 2 terciles. Notably, CSF biomarker levels and rates of whole-brain b The 66th percentile cutoff values in the control cohort were Ն427, Ն293, and Ն57 pg/mL for VILIP-1, tau, and p-tau181, respectively. Cerebrospinal fluid Aβ42 values were dichotomized at the 33rd percentile value of <502 pg/mL. c P values reflect whether CSF biomarker measures (dichotomized at the 33rd or 66th percentile value) significantly predict rates of brain atrophy in cognitively normal control subjects (adjusting for age, sex, imaging system type, and APOE ε4 genotype). d P < .05. models of disease progression suggesting that AD pathology is associated with ongoing neurodegeneration even before symptom onset. 2, [65] [66] [67] In the presence of AD pathology, substantial volume loss in vulnerable brain regions, particularly higher rates of medial temporal lobe atrophy, can be detected on structural MR imaging years before the first signs of cognitive impairment.
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Conclusions
Our findings highlight the potential usefulness of CSF VILIP-1 as a secondary or tertiary outcome measure in clinical trials of disease-modifying therapies in both preclinical and symptomatic AD. 70 By providing a CSF surrogate of neurodegeneration, CSF VILIP-1 and tau may assist in guiding trial design and contribute to diagnostic and outcome assessments. The incorporation of CSF biomarkers in these trials may assist with participant selection by enriching study populations with individuals who are likely to progress within the study period. While MR imaging measures of volume loss provide insight into regional patterns of neuronal loss or subtypes of AD pathology, 60 CSF markers of neurodegeneration (such as VILIP-1 and tau) may provide univariate indicators to monitor disease progression and response to therapies over shorter follow-up periods and complement information provided by MR imaging. Our study is limited by the small sample size of our AD and control cohorts and the short duration of follow-up. It will be of interest in the future to validate these findings in larger cohorts with longer durations of follow-up from different centers. Efforts to standardize the VILIP-1 immunoassay used in this study are under way. Studies with individuals in the more advanced stages of disease and those with longitudinal CSF biomarker measurements will be needed to provide further insight into the usefulness of CSF VILIP-1 as a biomarker surrogate of neurodegeneration in AD.
